Although maneuvers augmenting atrial volume and/or stretch also augment plasma levels of atrial natriuretic factor (ANF), the role of ANF in modulating renal sodium and water handling has not been defined. Water immersion to the neck (NI) was employed to assess the ANF response to acute volume expansion in 13 seated sodium-replete normal subjects. ANF increased promptly and markedly from 7.8 +/-1.8 to 19.4 +/-3.8 fmol/ml, then declined to 6.3 +/-1.4 fmol/ml after 60 min recovery. Concomitantly, NI increased urine flow rate (V) (2.0 +/-0.6 to 7.0 +/-0.9 ml/min; P less than 0.001) and sodium excretion (UNaV) (92 +/-12 to 191 +/-15 mu eq/min; P less than 0.001), and decreased PRA (-66 +/-3%) and plasma aldosterone (-57 +/-6%). Increases of plasma ANF ranged from less than 20% to over 12-fold. Similarly, the natriuretic response to NI varied markedly from none to 500%. There was a strong correlation between peak ANF and peak UNaV (r = 0.67; P less than 0.025), but none between peak V and peak plasma ANF (r = -0.10; P greater than 0.5). These findings suggest that an increase in plasma ANF contributes to the natriuretic response to NI, implying a physiological role for ANF in modulating volume homeostasis in humans.
Introduction
Although the potent natriuretic and renal hemodynamic effects of atrial natriuretic factor (ANF)' have been clearly documented (1) (2) (3) (4) , its role in modulating volume and circulatory homeostasis has not been established. ANF is contained in secretory granules of the atria (3) and immunoreactive ANF (irANF) has been detected in animal and human plasma (5) (6) (7) (8) (9) (10) . Recent evidence suggests that maneuvers that augment atrial volume and/or stretch lead to increases in plasma irANF (6, 10, 1 1). Because similar events can clearly alter renal excretory function (12), it seems possible that augmentation ofANF release may contribute to the renal effects of cardiopulmonary blood volume expansion.
Previous studies have demonstrated that head-out water immersion produces a prompt, marked, and sustained central hy-pervolemia without the necessity of infusing exogenous volume expanders and thus altering plasma composition (12) (13) (14) (15) . In a preliminary report from our laboratories, we demonstrated in four normal subjects that head-out water immersion is associated with stimulation ofANF (10) . This pilot study provided preliminary characterization of the ANF response to central hypervolemia. Nevertheless, the relationship of ANF to immersioninduced alterations in renal sodium and water handling and in plasma levels of renin, aldosterone, and cortisol remains undefined. The present study was undertaken to examine these relationships more critically. This seemed particularly appropriate in view of our repeated demonstration of the marked heterogeneity of renal excretory responses to immersion among normal subjects (12) (13) (14) (15) . Although the reasons for this variable response are poorly understood, we hoped to take advantage of this phenomenon in an attempt to better define the functional significance of increases in plasma ANF during central hypervolemia.
Methods
A total of 19 studies (6 control and 13 during water immersion to the neck NI) were carried out in 18 male subjects between the ages of 20 and 39 yr. All had a negative history for hypertension, cardiovascular disease, and diabetes. Clinically apparent renal disease was excluded in all subjects by documenting the presence of a normal urine sediment and creatinine clearance and the absence of proteinuria. The use of alcohol, tobacco, tea, coffee, and all medications was prohibited for at least 24 h before and during each of the studies. The experimental protocols were similar and were carried out as follows.
Following 10 h ofovernight fluid restriction, the subject was instructed to sit quietly. At 08:00 h, after voiding and completely emptying his bladder, the subject once again assumed the seated position. Immediately after the subjects had voided, a 18-gauge, 1.5-in Teflon catheter with a flash chamber and an accompanying Teflon stylet (Jelco, Raritan, NJ) was inserted into a forearm vein, permitting sequential sampling ofblood without the use of an anticoagulant or an i.v. infusion. Venous blood was drawn using a prechilled I0-ml polystyrene disposable syringe. After each sample was obtained, a sterile stylet was inserted into the catheter. After a 60-min prestudy period, the subject sat quietly in the study tank immersed in water to the neck for 3 h (09:00-12:00 h); this was followed by a 1-h recovery period of quiet sitting outside the tank. For control, the subject sat quietly outside the immersion tank for the 5-h period. Blood samples were obtained before and after the study for sodium, potassium, osmolality, and creatinine determinations. Samples for plasma renin activity (PRA), plasma aldosterone (PA), plasma cortisol, and irANF were obtained every 30 min during the prestudy period, at 15, 30, 60, 120, and 180 min of immersion, and at 15, 30, and 60 min during the recovery period. Each subject was requested to void spontaneously at hourly intervals during the studies. To void during the immersion period, the subjects stood briefly on a platform in the immersion tank after collection ofblood. To maintain adequate urine flow, an initial waterload of 400 ml was administered, and subsequently 200 ml of water was ingested hourly. Sodium, potassium, osmolality and creatinine were measured in all urine samples. Immersion was carried out in a waterproof tank described in detail previously (12-15). A constant water temperature of 34.5±0.50C was maintained by two heat exchangers, as detailed previously (1 2-15).
Blood for PRA, PA, plasma cortisol, and plasma irANF measurements was placed immediately into chilled vacutainer tubes containing potassium EDTA, and the plasma was separated with a refrigerated centrifuge. The samples were flash frozen with dry ice and acetone and then stored at -760C.
PRA, PA, and plasma cortisol were assayed by radioimmunoassay as reported previously (16, 17) . Plasma ANF was measured by radioimmunoassay following extraction on C18 Sep-Pak cartridges (Waters Instruments, Inc., Rochester, MN). Plasma samples (3 ml) were applied to individual prewashed cartridges, which were then washed with H20 (3 ml), 0.1% trifluoroacetic acid (TFA, 3 ml) and 20% acetonitrile in 0.1% TFA (3 ml). irANF was then eluted with 80% acetonitrile in 0.1% TFA (2 washes, 3 ml each), and the pooled extract was dried overnight in a Savant Speed-Vac evaporator. Recoveries of ANF standard and radiolabeled ANF were 74±9% (SE) and 78±7%, respectively (range, 58-84%). Recoveries in individual samples were determined by addition of '25I-ANF (1,000 cpm) to the plasma before extraction. Two radioimmunoassay systems were employed. Initial studies (e.g., subject 1) were performed with a heterologous assay using an antiserum (1:15,000 final dilution) raised in rabbits immunized with the synthetic 24-residue rat auriculin A (18) coupled to bovine thyroglobulin; the 25-residue rat auriculin B, used as tracer, was prepared by reaction with Na'25I in the presence of solid-phase chloramine T (lodo-Beads, Pierce Chemical Co., Rockford, IL) and purification on C18 Sep-Pak cartridges and reversephase high-performance liquid chromatography (specific activity, -2,000 Ci/mmol). The antiserum showed 94% crossreactivity with the 28-residue rat ANP (cardionatrin I) and 61% crossreactivity with its human analogue, hANP (Peninsula Laboratories Inc., Belmont, CA). Subsequent studies employed antiserum, prepared against a-hANP (Peninsula Laboratories Inc.) at a final dilution of 1:21,000, and '25I-hANP as tracer.
The standard used in both assays for the values reported herein was ahANP, and there was excellent agreement between the two assays. Extracts were reconstituted in 250 Ml of assay buffer (0.1 M sodium phosphate, pH 7.5, containing 0.3% bovine serum albumin and 0.3% bovine gamma globulin) and duplicate 100-,l aliquots of unknowns or standard were incubated with diluted antiserum (100 Al) for 24 h at 4°C. Tracer (10,000 cpm in 100 Al assay buffer) was then added and the reaction continued for 18 h at 4°C. Bound and free peptide were separated by addition of 15% polyethylene glycol (2 ml), and results were calculated from standard curves of bound/free counts per minute vs. log ANF standard. The sensitivities ofthe heterologous and homologous assays were 5.5 fmol (IC,0, 89±5 fmol) and 0.7 fmol (IC50, 5.4±0.3 fmol), respectively.
Analytic methods for sodium, potassium, and creatinine have been reported previously (13) (14) (15) .
In the presentation of the data, mean values are followed by the standard error of the mean as an index of dispersion. Data were evaluated statistically by analysis of variance and by paired or unpaired t tests. Differences with P < 0.05 were considered significant.
Permission for the study was obtained from each subject after a detailed description of the procedure and potential complications. 
Results
Plasma ANF levels. The effects of a time control study and water immersion on plasma ANF levels are summarized in Table I and Fig. 1 . As depicted in Table I , plasma ANF sequentially determined in six seated control subjects over a 5-h interval was markedly constant. Mean values ranged from 5.6±0.3 to 7.4±1.0 fmol/ml. In contrast, immersion induced a marked augmentation of plasma ANF. As depicted in Fig. 1 fold above baseline. The increase in absolute levels of ANF ranged from < I to 39 fmol/ml above baseline, with four subjects manifesting increases of> 20 fmol/ml, six subjects manifesting increases of [8] [9] [10] [11] [12] [13] [14] fmol/ml, and the remaining three subjects manifesting increases of < 2 fmol/ml. Among the 10 subjects with ANF increases of> 2 fmol/ml, peak responses were attained by 60 min in two subjects, 120 min in six subjects, and not until 180 min of immersion in two subjects.
The augmentation of ANF was sustained throughout immersion, the levels remaining > 50% above baseline at 180 min in 1 1 of the 13 subjects. Cessation of immersion was associated with a prompt offset. By 30 min of recovery, plasma irANF had decreased by > 50% in 8 of the 13 subjects. By 60 min of recovery, plasma irANF had returned to preimmersion values in 12 of 13 subjects.
An examination of the relationship between basal levels of sodium excretion and the subsequent rise in ANF disclosed that ANF stimulation varied independently of basal UN.V (r = 0.22;
PRA. The effects of a time control study and water immersion on PRA are summarized in Table I and Fig. 2 . As depicted in Table I , PRA remained constant in seated control subjects, ranging from 3.1±0.7 to 4.0±1.2 ng/ml/h over the 5-h interval. In contrast, immersion induced a marked suppression of PRA. As depicted in Fig. 2 in two subjects. Among the remaining subjects, the increment in UNaV ranged from 70% above baseline to nearly 500%. Of interest, subject 3 was one of the three who exhibited only slight augmentation of ANF during immersion. Fractional excretion of sodium (CNa/CCr X 100) in the 12 patients increased from 0.5±0.1% in the prestudy period to 1 .1±0.1% during hour 3 of immersion (P < 0.001) (Table II) .
In contrast to the marked natriuresis, the alterations in potassium excretion were relatively modest. As shown in Table II , the rate of potassium excretion (UKV) increased on average by < 30%, attaining statistical significance only during hour 1 of immersion.
Creatinine clearance (Ccr) tended to increase modestly during the first hour ofimmersion, although this did not attain statistical significance. Nonetheless, CCr decreased significantly (P < 0.05 compared with prestudy) during the recovery period.
The effects of immersion on urinary flow rate (V) are summarized in Table II and Fig. 6 . Immersion resulted in a marked diuresis, with V increasing within the initial hour of immersion. By hour 2, V had peaked and was more than three-fold greater (P < 0.001) than during the preimmersion hour, although the magnitude of the response varied considerably (range, 1.5-20-fold). Recovery was associated with a prompt offset, with a decrease in V to baseline levels (P < 0.001 compared with hour 3).
Free water clearance (CH2o) paralleled the response of V.
CH2O increased from -0.2±0.5 to 1.2±0.6 ml/min during the initial hour of immersion. Peak CH2O was attained on average during hour 2 (P < 0.001 compared with prestudy). Recovery was associated with a prompt decrease from 2.5±0.7 to -0.4±0.2 ml/min (P > 0.5 compared with prestudy).
Mean total urinary solute concentration (UOm) varied inversely with the changes in V. Within the initial hour of immersion, Uosm had decreased to 46% of that of the prestudy hour. The nadir for Uosm was attained during hour 2 of immersion (144±21 mOsm/kg H20).
Relationship ofplasma ANF to renal and hormonal responses to immersion. The relationships between the induced changes in ANF and the renal responses to immersion are illustrated in Figs. 5 and 6. During acute central hypervolemia induced by water immersion, there was a direct correlation between sodium excretion (peak UNaV) and peak plasma levels of irANF (r = 0.67; P < 0.025). These data are depicted in Fig. 5 , in which the basal (prestudy) and peak (immersion) UN.V levels are plotted in comparison to the basal (i.e., mean of three prestudy values) and peak plasma irANF levels. It is apparent that, with one exception, individuals exhibiting higher peak levels of plasma irANF during immersion tended to manifest higher rates of sodium excretion. In addition, there was also a relationship between peak ANF and the level of cumulative sodium excretion during Immersion-induced Increases in Plasma Atrial Natriuretic Factor 741 the 3-h immersion period. The cumulative net natriuresis (mean = 28.7±2.4 meq/3 h) varied directly with peak ANF among the 12 subjects (r = 0.60; P < 0.05). Since the time course for the changes in plasma irANF and sodium excretion differed (peak irANF tended to precede peak UNaV), we also examined the relationship between peak irANF and UNaV during the corresponding urine collection and found that UNaV correlated directly with peak irANF (r = +0.58; P < 0.05). In contrast to the correlation between the natriuresis and plasma ANF, renal water handling varied independently of plasma ANF. These data are depicted in Fig. 6 , in which the basal (prestudy) and peak (immersion) values are plotted in comparison to the basal and peak plasma irANF levels. An examination of the relationship between plasma ANF and renal water handling disclosed that peak V varied independently of peak ANF (r = -0.10; P > 0.5).
Since NI resulted in a simultaneous augmentation of ANF and suppression of PRA and aldosterone, the relationships between these hormonal changes were assessed. Peak plasma ANF varied independently of both the nadir of PRA (r = -0.41; P > 0.05), and that of plasma aldosterone (r = -0.28; P > 0.20). Furthermore, these dissociations were highlighted by the observations that three subjects did not augment ANF (subjects 1-3, Fig. 5 ), but decreased PRA by 69±7% and plasma aldosterone by 62±6%.
Integrated hormonal influences on the natriuresis ofimmersion. Because the natriuresis of immersion must perforce reflect not only an augmentation of ANF, but other hormonal alterations, including PA suppression, we assessed the simultaneous contribution of ANF augmentation and PA suppression to sodium excretion with multiple regression analysis.
Peak UNaV correlated directly with peak ANF levels, during immersion (r = 0.676; P < 0.025). Similarly, peak UNaV was found to be inversely correlated with nadir PA (r = -0.66; P < 0.05). Nadir PA, however, varied independently of peak ANF (r = -0.323; P > 0.20; n = 12), suggesting that these two hormonal determinants may have independent influences on the natriuretic response to immersion. Multiple regression analysis ofpeak ANF and nadir PA as independent determinants of peak UNaV revealed a striking correlation between these parameters (r = 0.85; P < 0.005). The regression equation relating peak UNaV, peak ANF, and nadir PA was: UNaV = (2.0±0.7)ANF -(17±6)PA + (220±30). Discussion The possible participation of cardiac atria in the control of extracellular fluid volume has been known for many years (12, 19) . It is well recognized that mammalian atria have mechanoreceptors that are sensitive to stretch or distensibility induced by volume changes (19, 20) . Recent evidence has shown that specific atrial granules (5) that share morphological and histological properties with secretory granules found in endocrine cells (21) are the source of a potent natriuretic and diuretic factor (1, 22, 23) . Changes in atrial granularity have also been shown to occur under conditions that modify salt and water balance (24, 25) .
The present studies demonstrate that head-out water immersion generally provokes a prompt and sustained increase in plasma irANF in normal human subjects, together with reciprocal changes in plasma renin and aldosterone. In view of the compelling evidence that the effects ofwater immersion are mediated by increases in central blood volume (12, 13) , the present findings suggest that a volume-mediated increase in atrial stretch is one mechanism subserving ANF release in humans.
This finding is consistent with preliminary reports that mechanical distension of the atria leads to transient increases in plasma irANF in dogs (1 1). Our results may thus explain, at least in part, the observation that plasma irANF is increased in patients with congestive heart failure (7, 9), who presumably have chronic increases in atrial pressure. Further work is needed to define other potential mechanisms involved in the regulation of ANF release.
There was considerable variability in both the time course and the magnitude of the ANF response to immersion among the subjects studied. An increase in irANF was apparent by 15 min of immersion in 8 of 13 subjects; a nearly maximal response was achieved within 30-60 min in two of the subjects but was delayed until 2-3 h of sustained immersion in the remaining subjects. ANF increased by 2-10-fold in ten of the subjects and transiently increased by 12-fold in one ofthese. The determinants of these variable responses cannot be elucidated from the present studies, but because sodium balance was not controlled it is possible that differences in baseline sodium balance may have been a contributing factor. It is clear, however, that plasma irANF remained elevated by 2-4-fold above baseline for as long as 3 h of immersion in 10 ofthe 13 subjects studied. Thus, it is probable that increases in circulating ANF could contribute to some of the biological responses to sustained increases in atrial distension.
The current observations are consistent with the postulate that increased plasma levels ofANF contribute to the natriuresis induced by immersion. Previous studies have demonstrated that the infusion of exogenous ANF promotes a natriuresis in both experimental animals (26, 27) and humans (7, (28) (29) (30) . In the present study, peak plasma ANF levels correlated directly with the magnitude of the natriuretic response induced by immersion (Fig. 5) . Furthermore, ofthe three subjects who failed to augment ANF, one failed to manifest a natriuresis (subject 3, Fig. 5 ). Such observations suggest a role for ANF in mediating the natriuresis of immersion. It should be pointed out that the doses of exogenous ANF required to produce similar degrees of natriuresis lead to plasma levels of the peptide far higher than those provoked by immersion (30) . This discrepancy is not, however, sufficient to dismiss the possibility that levels of ANF observed in the present study might modulate renal sodium handling. Rather, it should be considered that central blood volume expansion induces, concurrently with an increase in plasma ANF, other hemodynamic, neural, and hormonal responses that might potentiate the renal response to the peptide. These circumstances would not necessarily be mimicked by exogenous ANF. Thus, whereas infusion of natriuretic doses of ANF leads simultaneously to a decrease in central venous and pulmonary wedge pressures (30) , the exact opposite occurs during immersion (12, 31) . On the other hand, in a recent study Goetz et al. (32) found that with mechanical distention ofthe left atrium ofdogs, the increase in plasma ANF can be dissociated from the natriuresis. Aside from the possibility of species differences, this discrepancy might be explained by the marked differences in the experimental maneuvers used, because immersion presumably causes distention of both atria and also expands central blood volume. Although further study is required to resolve this issue, the present results strongly suggest an important contribution by ANF.
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Our data clearly indicate, however, that an increase in plasma ANF cannot fully account for the natriuresis of immersion by itself. The observation that subjects 1 and 2 (Fig. 5 ) manifested a natriuresis despite only minimal changes in plasma ANF illustrates this point. Indeed, previous studies have delineated an important role for induced changes in the renin-angiotensinaldosterone system and prostaglandin biosynthesis in mediating immersion-induced natriuresis (33) , and there is evidence that a suppression of efferent renal sympathetic nerve activity contributes to the natriuretic response to atrial distention (34) . It is probable that ANF works in concert with these other effectors to modulate sodium excretion. Moreover, it is possible that certain mechanisms might predominate in individual subjects or under different baseline states of sodium balance.
The alterations in glomerular filtration rate (GFR) that occuffed during immersion merit comment. In the present study, GFR, as assessed by creatinine clearance, tended to increase modestly, although these changes did not attain statistical significance. Increases in GFR have accompanied the administration of ANF in rats (35) , dogs (26, 27) , and, perhaps to a lesser extent, man (29, 30) . In view of the complex mechanisms of natriuresis during water immersion, the present studies do not establish the mechanisms underlying the natriuretic response to ANF per se.
Although immersion was associated with both a diuresis and a natriuresis, it is clear that these two renal excretory responses can be dissociated (12, 36, 37) . In the present study, the temporal profiles of the natriuresis and diuresis induced by immersion differed, with peak V preceding peak UNaV (Table II) . Similarly, the relationships between peak plasma ANF levels and the magnitude of the natriuretic and diuretic responses to immersion differed. Whereas peak plasma ANF correlated directly with peak UNaV, no such correlation was observed between peak plasma ANF and peak V (Fig. 6 ). These findings suggest that under the conditions ofthe present study ANF does not constitute a major determinant of the diuretic response to immersion.
Several recent observations bear on the issue ofwhether ANF is secreted in response to volume expansion in humans. Shenker et al. (9) assessed the effect ofchanges in sodium intake on plasma irANF levels in 10 normal human subjects. They observed that plasma ANF levels doubled when the subjects went from a lowsodium diet to a high-sodium diet. Yamaji et al. (38) demonstrated that saline administration (500 ml infused over 45 min) resulted in a doubling of plasma ANF levels. More recently, Sagnella et al. (39) reported that in response to the administration of 2 1 of 0.9% saline, infused over 1 h, immunoreactive ANF levels increased three-fold. In the present study, a similar mean three-fold increase in circulating ANF was observed in response to water immersion (Fig. 1) The present study also suggests that immersion may have effects on the pituitary-adrenal axis. Although the tendency for plasma cortisol to fall at the onset of immersion may well have been no greater than that expected by the normal diurnal variation in ACTH secretion, the distinct rise in plasma cortisol during the recovery period (Fig. 4 ) cannot be explained on this basis. It is of interest that infusion of ANF in normal humans has been shown to produce a similar pattern of response, namely a tendency for cortisol to fall, followed by a marked rebound increase in cortisol after termination of the infusion (30) . These observations raise the possibility that ANF might have an inhibitory effect on either cortisol or ACTH release, but further study is required to delineate the mechanism(s) involved.
The present study demonstrates clearly that a physiological manipulation that acutely augments central blood volume and induces atrial distension is associated with marked stimulation of circulating irANF. Furthermore, immersion-induced natriuresis was generally of greater magnitude in those subjects who increase their ANF levels during immersion. Collectively, these findings lend strong support to the hypothesis that an augmentation of ANF (44) .
The results described in this report nonetheless make tenable the hypothesis that ANF is a circulating hormone that participates in the complex neuro-humoral control of the circulation, the renin-angiotensin-aldosterone system, and extracellular volume.
